ABSTRACT In medical applications, implant devices are used to measure and remotely transmit the human biological signals to off-body devices. To date, providing the implantable medical devices (IMDs) with a constant and perpetual energy source remains an ongoing challenge. Accordingly, a far-field radio-frequency powering, represented by an access point (AP), in conjunction with energy-harvesting capability is deployed in this paper for continuous powering of the IMDs. In this respect, theoretical analysis is used to establish safe powering conditions in order to comply with the safety limits established by the Federal Communications Commission. The feasibility of the wireless power transfer to the IMDs is investigated by deriving the analytical closed-form expressions for outage probability and average harvested energy, both of which are validated with Monte Carlo simulations. The findings of this paper suggest not to exceed a distance of 0.5 m between the AP and the body surface, as the system performance has experienced high outage probability beyond this value, while the minimum allowable distance is 17 cm at a powering frequency of 403 MHz. It is also presented that the AP should be equipped with a minimum transmit power of 0.4 W in order to maintain an outage probability for the energy harvesting to be less than 10 −1 .
I. INTRODUCTION
The need for continuous monitoring of human biological signals has highlighted the vital role of implantable medical devices (IMDs) to improve the patient's health care [1] . Although the IMDs are low-energy consumption devices, supplying them with sufficient power for a long-lifetime is a main concern of many researchers. Conventionally, the limited lifespan batteries, or even the rechargeable ones, need a regular replacement and surgical intervention which in turn decreases patients comfort [2] . The new approach to solve this problem is to make the IMD energy self-sustaining by scavenging the energy from the ambient environments. Owing to that, energy-harvesting has emerged as a promising technology to supply the IMDs with permanent and sufficient power. Several methods of energy-harvesting currently exist for powering the IMDs. The human body offers abundant source of energy represented as breathing, body heat, body motion or any other activity. For instance, biofuel cells implanted in a human body and operated by electrochemical reaction of the living organisms have been utilized by Katz [3] , [4] and Katic et al. [5] as a source of energy to power the implanted devices. Kinetic/vibration energy is another source of energy that can be generated by human body activities. The piezoelectric is one of the kinetic energy types in which the mechanical energy is converted into electrical energy. A prototype of a shoe-mounted nonlinear piezoelectric energy harvester has been presented in [6] and has the capability of harvesting energy from human walking. The gradients in human temperature can also be exploited to produce thermoelectricity which can be converted to electrical energy to power energy-constrained devices like the IMDs [7] . Thermoelectric generator (TEG) has been used by Dalala [8] , VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
Wan et al. [9] , and Cadei et al. [10] to produce the electrical energy where it is usually implanted very close to skin for the purpose of getting highest temperature gradient. Other researchers implant a solar panel under the skin and exploited the sunlight and artificial light sources to power an IMD operated by subcutaneous solar energy-harvesting [11] , [12] . According to the fact that all the aforementioned energy sources are usually climate or location dependent, the energy harvested from radio-frequency (RF) using wireless power transfer (WPT) system is a strong candidate among all the variety of energy sources to guarantee a perpetual energy source and continuous operation of the IMDs [13] . The use of WPT technology eliminates the risk of battery replacement and enables the implants to operate for indefinite period of time. Near-field (NF) WPT systems have been well studied and utilized by many researchers to charge and communicate with the bio-medical implants [14] - [16] . However, several constraints have been reported in such systems. For instance, in addition to the fact that the distance between the power supply and the IMD can not exceed few centimeters, an accurate alignment is required between the internal and external coils which, in some cases, is difficult to apply [17] . Another type of WPT technique which also commonly used to power the IMDs is the magnetic resonant coupling. This method is characterized by its high power transfer efficiency and has been used by [15] and [18] for powering ventricular assist device where a diameter of 22 mm and 9.5 cm of implantable wire coils are employed for power delivery. However, the frequency used in this method is very low which in turn limits the channel capacity and the achievable data rate that is demanded in many applications such as recording of multichannel neural and retinal prosthesis [19] , [20] . Furthermore, in addition to the need of accurate alignment, a further component might be required to be stuck on the patient's skin to overcome the limited communication distance.
In contrast, far-field (FF) WPT offers some practical advantages over NF. By using FF WPT, the link distance between the power supply and the IMD can extend to few meters, which provides more comfort to the patient. Moreover, FF WPT can be utilized in conjunction with other RF energy-harvesting techniques to provide the IMD with a sustainable power flow [21] . The idea behind RF energyharvesting is that RF signals can concurrently carry energy signals in addition to information signals, which is also known as simultaneous wireless information and power transfer (SWIPT) [22] . The use of SWIPT systems gives IMDs receivers the ability to process information and harvest energy from the same received signal.
Some studies in this field have examined the effect of RF propagation on the biological tissue of the human body, while others were concerned of IMD antenna design [23] - [25] . In fact, there are two common trends in medical implants: deep antenna implants and subdermal antenna implants [26] - [30] , [41] . In the former, there is a continued trend of optimization and finding the sweet spot in the trade off for antenna efficiency between reducing the frequency of transmission to increase the penetration versus keeping the size of the antenna reasonable. For the latter, the trend is towards increasing the frequency while limiting the power of the transmitter below the specific absorption rate (SAR) limit. In our research, we have chosen a frequency band that dictates a subdermal antenna model.
A recent study in [17] has utilized RF for powering wearable devices and demonstrated the electromagnetic compatibility related to WPT systems. In addition, Nishimoto et al. [31] have deployed the RF energyharvesting technique to power their prototype of sensor node.
All the aforementioned attempts have only adopted high frequencies of 900 MHz, 2.4 GHz and 5.2 GHz in their studies. However, it is well known that lower frequencies can improve the penetration of electromagnetic (EM) waves into the body which in turn leads to less signal attenuation. Therefore, this paper explores the effect of using medical implant communication service (MICS) band frequencies (402 − 405 MHz) on the received energy at the IMD on one hand and its impact on the biological tissues of the human body on the other hand. Furthermore, this paper investigates the feasibility of deploying the WPT system to remotely power the IMD by analyzing the outage probability performance of energy harvested for a FF-powered IMD systems over additive white Gaussian noise (AWGN) channels. Finally, we derive an analytical closed-form expression to explore the effect of access point (AP)-IMD separation on the amount of the harvested energy.
The rest of the paper is organized as follows. The work validation with regards to FCC safety limitation is investigated in Section II, while the details of system and channel model are described in Section III. In Section IV, we derive analytical expressions for the outage probability of the system under consideration. Numerical examples and discussions are presented in Section V. Finally, the paper is concluded in Section VI.
II. VALIDATION OF SAFETY LIMITATION
It is a fact that the power density decreases as 1/r 2 in free space, however, the main challenge faced by FF powering of IMD is the attenuation caused by the body tissue which impacts negatively on the received signal power at the IMD. Therefore, it is important to understand the capability of receiving power at the IMD that operate at 403 MHz via FF powering. It is worth noting that the Federal Communications Commission (FCC) has determined, for safety purposes, that the maximum permissible exposure (MPE) of power falling on tissue surface, for averaging time of 30 minutes, is 2.7 W/m 2 at a powering frequency of 403 MHz [32] .
As an introduction to this work, we should investigate how much power density should be applied on the tissue surface to continuously power the IMD without exceeding the FCC regulations. A body sensor node (BSN) chip powered by the harvested energy from RF waves and human body heat is assumed in the analysis of this work as a case study to investigate the capability of powering the IMD by FF RF.
This chip is introduced in [33] and used to wirelessly transmit electrocardiogram (ECG), electromyogram (EMG) and electroencephalogram (EEG) data. The whole chip consumed about 19 µW and was wirelessly powered at 403 MHz. Note that since the MICS is assumed in this work, it is more practical to assume that the chip implant has a subdermal antenna as opposed to deep tissue antenna which is more appropriate for a lower frequency range to enhance the penetration.
Prior to exploring the power density incident on the tissue surface, we should first find the value of power density required at the depth of the implant antenna S i , which is determined to be 1.194 W/m 2 according to the following formula [34] S i = 4π P av e mn e rec G r λ 2 ,
where P av has a value of 19 µW and refers to the average power consumption of the implant, λ represents the operating wavelength below the skin and has a value of 0.14 m at a frequency of 403 MHz [35] . The efficiencies of both matching network e mn and rectification circuit e rec are assumed to be 100 % for the ideal case. Due to the use of low frequency of 403 MHz, a worst case of −20 dB is assumed for the receive antenna gain G r as it may not be practically possible to utilize the most efficient antenna design because a larger antenna dimension might be required for resonance purposes [24] . Knowing the value of S i , it is now possible to determine the amount of power density S 1 required to be applied on the tissue surface to continuously power an antenna implanted at a depth a = 0.01 m into the body as
where λ d represents the EM skin depth defined as the point at which the EM wave is degraded by a factor of 1/e [36] . When the powering frequency f is 403 MHz, λ d is calculated to be 0.028 m according to the following
where µ is the permeability of free space, σ refers to the conductivity of the exposed tissue at 403 MHz and their values are 1.257 × 10 −6 m.kg/s 2 A 2 and 0.8 Sm −1 , respectively [37] . The calculation results of (2) and (3) indicate that the required power density at the tissue surface does not exceed the FCC regulations, as S 1 is calculated to be 2.437 W/m 2 which is less than the FCC limit of 2.7 W/m 2 .
The ability of the implanted antenna to absorb energy from the power density delivered at the implant can be characterized by the antenna effective area A e as follows [38] A e = P av S i .
Furthermore, it is important to validate that the corresponding antenna size of the implant would be feasible to implement. This can be done using the well known formula for the radius of small loop antenna aperture which is
where R eff refers to the effective radius of the antenna. By substituting our previous results in (4) and (5), we get A e = 1.6 × 10 −5 m 2 and accordingly R ≈ 0.23 cm. This indicate the feasibility of deploying such antennas to capture energy from an external source with a powering frequency of 403 MHz.
The other safety consideration that should be taken into account is that the external source of energy should be located at a safe distance from the human body to avoid exceeding safety limitations. The power density at a specific distance d from the radiating source of energy is given by [34] 
where P t is the transmit power in W and G t is the isotropic antenna gain in dBi. To find out the minimum allowable source-tissue separation, the MPE limit of power density (2.7 W/m 2 ) has been substituted in (6) to yield the following relationship
In this paper, the values of energy source transmit power and antenna gain are assumed to be 1 W and 0 dBi, respectively, while the matching network efficiency is 100 % as mentioned earlier. Owing to that, the minimum allowable source-tissue separation is calculated to be 17 cm at a powering frequency of 403 MHz.
To conclude, all the analysis that follows in this work can be applied on the IMD as long as the power incident on the tissue surface does not excess 2.7 W/m 2 and the source antenna separation does not go below 17 cm, respectively.
III. SYSTEM AND CHANNEL MODEL
As shown in Fig. 1 , we consider an IMD (in-body) with a rechargeable battery and subdermal antenna implanted at a depth of 1 cm into the body and powered wirelessly using off-body AP separated by a distance d ≥ 17 cm. This AP is dedicated to this application and has one single antenna, transmit power of 1 W, and powering frequency of 403 MHz.
The communication channel between the IMD and the AP can be characterized using the statistical path loss model (in dB) defined by IEEE P802.15, as follows [39] 
where the shadowing of the signal caused by body parts is represented by the random variable s, which is normally distributed s ∼ N (0, σ 2 ). The reference distance d 0 has been set in this work to be 10 mm and this makes its corresponding path loss P L (d 0 ) equal to 57.28 dB, while the path loss exponent n equal to 4.928 [40] . According to that, the downlink channel gain from the AP to the IMD can be presented as follows
which can be rewritten as
where
and 10 − s 10 = |h 1 | 2 represents the gain of the shadowing effect that follows a log-normal distribution [41] .
Harvest-then-transmit protocol [42] , shown in Fig. 2 , is deployed in this system where the AP transmits power signal to the IMD during the down-link phase (αT ). The IMD can harvest energy from the power signal which is consequently utilized to recharge the battery and then used to transmit the IMD information back to the AP during the up-link phase (1 − α) T . In consequence of this, the received signal at the IMD can be expressed as
where P s is the AP transmit power, h d is the AP-to-IMD channel, x 1 is the energy-carrying signal with zero mean and unit power, n i is the background noise component at the IMD with variance σ 2 i . Now, the harvested energy during αT time is expressed as
where η refers to the energy-harvesting efficiency. By using (10), the harvested energy can be rewritten as
The harvested energy is used in the up-link phase to forward the IMD information to the AP. It is worth mentioning that the energy consumed by the IMD to process the information is commonly negligible compared to the energy used to transmit signal [43] . Hence, the transmitted power at the IMD can be expressed as
and by substituting (13) into (14), we obtain
Consequently, the received signal at the AP can be defined as
where h u is the up-link channel from IMD-to-AP, x 2 denotes the information signal which is normalized as |x 2 | 2 = 1, and n ap , with variance σ 2 ap , refers to the noise at the AP. (16), we can write the signal-to-noise ratio (SNR) at the AP device as follows
IV. PERFORMANCE ANALYSIS
In this section, we investigate the performance of the considered system by deriving an analytical expression for the outage probability (P out ) of end-to-end communication channel. Also, we provide a closed-form expression for the outage probability of the energy harvested by the IMD. In addition, a closed-form expression is derived for the average harvested energy as a function of the distance between the AP and the IMD.
A. OUTAGE PROBABILITY ANALYSIS 1) SNR OUTAGE PROBABILITY
The outage occurs when the received SNR at the AP, γ ap , falls below a certain threshold γ th , which is given as
To simplify our analysis, the γ ap in (17) can be rewritten as
where the substitutions a, b, and c are denoted as ηαk 2 P s d n , ηαk 2 σ 2 i and (1 − α)σ 2 ap d n , respectively. Now, by substituting (19) in (18), we obtain
which can also be written, using some algebraic manipulation, as
According to [43] and [44] , the outage probability in (21) can be mathematically calculated as 
where ζ = 10 ln(10) and Q(.) is the Q-function defined as
where erf(.) is the error function. Finally, by substituting (23) and (24) into (22), we can express the system outage probability as in (26) , which is shown at the bottom of this page.
2) OUTAGE PROBABILITY OF ENERGY-HARVESTING
To assess the feasibility of employing the WPT system for our proposed scenario, a closed-form expression is derived for the outage probability of energy-harvesting for the downlink channel, where the energy is transferred from the AP to the IMD. The outage for a given value of energy-harvesting can be expressed as
whereĒ h refers to the threshold value of energy-harvesting. Now, using (13), the P out can be expressed as
Since |h 1 | 2 is log-normally distributed, the P out in (28) can be denoted as the cdf of the log-normal distribution mentioned in (23) . Therefore, the final result of P out can be written as
It is worth mentioning that when the outage happens in one block during the down-link phase, the energy harvested E h within this block will be 0. As the system is digital, it will behave in go/no go mode. Re-arranging equation (14), we find out that E h = P i (1−α)T . This will dictate that α will be set to 1 in order for this equation to stay satisfied which in turn means that the value of α for the next block becomes 1 or in other words the system enters a no-transmission phase and goes into full down-link mode waiting for the harvested energy to exceed the threshold. The loss of the up-link in the system can be used as a trigger for the transmitter to increase its power to the maximum permissible, to give an alert for shadowing effect or to give an alert for a loss of signal. During the outage over an extended period of time, the implant will use the previously harvested energy stored in some capacitor or inner battery. However, when the outage continues for several time blocks, the system enters in an idle state to save the battery until a wakeup signal is received again.
B. EFFECT OF DISTANCE ON THE ENERGY-HARVESTING
Knowing the minimum allowable distance between the AP and IMD, it is necessary to investigate the maximum distance that the AP can be placed away from the IMD, while ensuring that the IMD can still harvest energy from the AP. Therefore, in this section, we derive a closed-form expression to investigate the effect of AP-IMD separation on the amount of the harvested energy.
The random variable y which represents the instantaneous channel gain in decibel is directly proportional to the lognormal distribution as ln(y) ∝ ln(z), (30) where z is a normal random variable and ln(z) is a log-normal random variable. By assuming that the power is normalized, and with some algebraic manipulations, the linear value of the channel gain can be written as
where 1 ζ =
ln (10) 10 is the proportional constant. Then, by using the properties of logarithmic functions, we have
It is well known that the probability does not change by transforming the variables, since the probability is the area under the curve, then
which means that g(z)dz = f (y)dy. Accordingly, f (y) can be written as
[46]. Using (32) with some algebraic manipulation, the pdf of the log-normal distribution f (y) can now be expressed as
where µ = 0.5µ, σ = 0.5σ , and 0 < y < ∞.
As the channel from AP-to-IMD is log-normally distributed, the pdf in (35) is used to model the distribution of |h 1 | 2 . The mean value of this distribution can be found by E[f (y)] which equals to E[z 1 ζ ] in the usual log-normal distribution.
Using (13), the instantaneous harvested energy at the IMD for zero-mean noise can be expressed as
To obtain the average value of the harvested energy, we use
where a = ηαTkP s d n . Substituting (32) into (38), we can express the expectation of the energy-harvesting as
Using change of variable method, let z = e −x and dz = −e −x dx. Substituting z and dz in (39), we obtain
Now, using some algebraic manipulations, we can rewrite (40) as
The integration is the whole area under the curve of the pdf of the Gaussian random variable which is by definition equals to 1. That is since (41), the average value of the harvested energy can be denoted as
V. NUMERICAL RESULTS AND DISCUSSION
In this section, some numerical examples and Monte Carlobased simulations are presented to assess the validity of the closed-form expressions derived above. It can be clearly seen that there is strong agreement between the simulations and theoretical results in all figures, which verifies the accuracy of our analysis. Throughout this section, it is considered that the IMD is embedded in the left hand below the skin at a depth of d 0 = 10 mm. In addition, we use η = 1 for simplicity. Based on (26), the end-to-end communication system performance is examined and depicted in Fig. 3 where the two main factors: the SNR threshold and the distance d between IMD-AP are considered to illustrate their impact on the system outage probability. The simulation results indicate that as the threshold value increases, the outage probability increases, for different values of the separation distance d. In addition, it is also observed that when the AP is located at the minimum allowable distance (d = 0.17 m), the outage probability is almost zero for all different values of SNR threshold. Following the increase of distance to 0.5 m, an acceptable increase in the outage probability is recorded. However, the system performance experiences unacceptable large values of outage probability when the AP placed 1 m away from the human body. On this basis, it is preferable not to exceed a distance of half a meter to ensure reliable communication.
It is important to guarantee a continuous charging without interruptions during the energy-harvesting time. Therefore, an essential requirement for successful operation of IMD is the existence of adequate transmit power. Owing to that, the effect of the source transmit power on the outage probability of energy-harvesting is investigated, using the derived formula in (29) , and illustrated in Fig. 4 , where the threshold value of energy harvesting and minimum allowable value of outage probability are assumed to beĒ h = 0.5 mJ and P out < 0.1, respectively. It can be concluded from Fig. 4 , when the AP is placed 1 m away from the body surface, it is not feasible to use a source transmit power of less than 0.5 W due to the high possibility of outage occurrence, whereas the probability of outage is approaching zero at higher transmit power, specifically more than 0.5 W. To comply with the FCC limitation and to ensure continuous and reliable operation of energy-harvesting without any interruption, we suggest to shorten the distance between the AP and the IMD to less than 1 m. This also accords with our findings in Fig. 5 , which shows that decreasing the distance between the AP and the body surface results in more harvested energy at the IMD, which in turn, lowers the outage probability. It is worth mentioning that our findings shown in both Fig. 4 and Fig. 5 are based on energy-harvesting time of α = 0.5, while the derived formula in (42) is used to find the average harvested energy depicted in Fig. 5 .
According to (42) , the amount of harvested energy can be greatly affected by the time slot allocated for energyharvesting process during the down-link phase. Therefore, we have studied the variation effect of energy-harvesting time, α, on the amount of the harvested energy where three different values of distances are considered. The results depicted in Fig. 6 show that as the energy-harvesting time increases, the amount of harvested energy increases, irrespective of the separation distance values. However, the greatest value of energy-harvesting is occurred when the AP is placed away from the body at the minimum allowable distance d = 0.17 m. On the other hand, as the harvest-then-transmit protocol is employed, the increase in harvest time is offset by a decrease in the time of data transmission during the up-link phase and vice versa.
The outage probability as a function of energy-harvesting time and threshold value is shown in Fig. 7 , where n = 4.22, P s = 1 W, and d = 1 m. It can be easily observed that increasing the threshold value leads to an increase in the probability of interrupting the energy-harvesting operation regardless of the time α allocated for energy-harvesting. In addition, the results show that the performance improves as the energy-harvesting time increased irrespective of the energy-harvesting threshold value. This is due to the fact that increasing the harvesting time means more energy to be harvested. It is also noticeable that when the threshold VOLUME 7, 2019 FIGURE 6. Effect of energy harvesting time on the amount of the harvested energy. is very large, the outage probability becomes very high and approaching 1 for all different values of energy-harvesting time.
VI. CONCLUSION
The main purpose of our work was to provide the implantable medical devices with a perpetual energy source. Accordingly, the feasibility of deploying far-field RF powering in combined with energy-harvesting technique was investigated. An access point with a powering frequency of 403 MHz and transmit power of 1 W was used for wireless power transfer. Harvest-then-transmit protocol was considered in our proposed system, where the access point transmits power signal to the implanted device during the down-link phase. The power signal is consequently be used to recharge the battery and transmit the implants information back to the access point during the up-link phase. Our results showed that in order to maintain an outage probability of less than 10 −1 , a minimum source transmit power of 0.4 W was required, considering that the threshold value of energy-harvesting and AP-IMD separation are 0.5 mJ and 1 m, respectively. It is also presented that the minimum allowable distance between the AP and the body surface was 17 cm at a powering frequency of 403 MHz, while the system performance experienced high outage probability when the distance was beyond 0.5 m. is well known for its contributions in designing asynchronous circuits, concurrent systems, Petri nets, metastability, and synchronizers. He has published 8 monographs and over 300 papers in top international journals and conferences. He built his expertise in power-proportional computing and design for survivability through a prestigious EPSRC-funded Dream Fellowship in 2011-2012, from which he holds international patents. He is currently an International Pioneer of low-power asynchronous circuit design and automation, for which he was elected to the Fellow of the IEEE in 2016 and RAEng in 2017. He has chaired several major conferences, such as ASYNC, DATE-WS, and PATMOS, and has given many invited/keynote talks on related topics. He is an Associate Editor of the IEEE TRANSACTIONS ON COMPUTERS and the IET CDT.
